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Abstract 
The developmental timing of Drosophila melanogaster is mainly controlled by 20-
hydroxyecdysone (20E), which initiates moulting and metamorphosis. The synthesis of the 
20E precursor, ecdysone (E), in the prothoracic gland (PG) is regulated by the neuropeptide 
prothoracicotropic hormone (PTTH) synthesized in the prothoracicotropes. 
The aim of this study is to contribute to the understanding of the regulation of PTTH 
production and secretion. We investigated the effect of the candidate PTTH regulators 
juvenile hormone (JH), 20E, retinoic acid (RA), insulin/insulin growth factor signalling (IIS), 
and target of rapamycin (TOR) on ptth expression. This was achieved through applying the 
GAL4-UAS system to either knock down or overexpress genes, thought to be involved in the 
regulation, in the prothoracicotropes. The impact of these alterations on the timing of 
pupariation was monitored and the expression of ptth was analyzed by using green 
fluorescent protein (GFP) driven by the ptth promoter. 
The results suggest that inhibition of RA and JH signalling in the prothoracicotropes 
accelerate pupariation, which are the first molecular indications of RA and JH being direct 
regulators of the prothoracicotropes. Additionally, overactivating TOR signalling delays 
metamorphosis and seems to suppress ptth expression, which implies that nutrition has a 
negative effect on PTTH production and secretion. This is supported by our observation of an 
accelerated pupariation when TOR related signalling is suppressed. Further, the results 
indicate that IIS and 20E are not critical regulators of PTTH secretion. 
  
Resumé 
Timing af udviklingen i Drosophila melanogaster er hovedsagligt kontrolleret af 20-
hydroxyecdyson (20E), der initierer hudskifteprocessen og metamorfose. Syntesen af 20E’s 
precursor, ecdyson (E), i prothoracic gland (PG), bliver reguleret af neuropeptidet 
prothoracicotropic hormone (PTTH), der syntetiseres i prothoracicotroperne. 
Formålet med dette studie er at bidrage til forståelsen af regulering af PTTH-produktion og 
sekretion. Vi undersøgte effekten af de PTTH regulerende kandidater juvenil hormon (JH), 
20E, retinoidsyre (RA), insulin/insulin vækstfaktor signalering (IIS) og target of rapamycin 
(TOR) på ptth ekspressionen. Dette blev opnået ved at anvende Gal4-UAS systemet til enten et 
knockdown eller overudtryk af de gener, der menes at være involveret i reguleringen, i 
prothoracicotroperne. Vi observerede effekten af manipulationerne på timing af 
forpupningen. Endvidere blev ptth ekspressionen analyseret ved brug af green fluorescent 
protein (GFP), drevet af en ptth promoter. 
Resultaterne indikerer, at hæmning af RA og JH signalering, i prothoracicotroperne, 
accelererer forpupning. Dette er de første molekylære indikationer for, at RA og JH er direkte 
regulatorer af prothoracicotroperne. Yderligere har vi fundet, at overaktivering af TOR 
signalering forsinker metamorfosen og muligvis hæmmer ptth ekspressionen. Dette antyder, 
at næring har en negativ påvirkning på PTTH produktionen og sekretionen. Dette 
underbygges af vores forsøg, der viser, at hæmmet TOR-relateret signalering medfører en 
accelereret forpupning. Endvidere indikerer resultaterne, at IIS og 20E ikke er primære 
regulatorer af PTTH sekretion. 
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2 Introduction 
An active field of research in contemporary neuroendocrinology is devoted to unravel the 
mechanisms underlying the transition from adolescence to adulthood in multicellular 
organisms. A fundamental question is how an animal senses that it has attained an 
appropriate stage of development to begin the final sexual maturation and stop growth. 
Studies in this field have been encouraged by a shift in the age at which humans enter 
puberty. The age at which puberty begins has decreased considerably in the Western World in 
the first half of the 20th century, which is attributed to improvements of socioeconomic 
conditions and general health (Biro, Khoury, & Morrison, 2006). In context with the obesity 
epidemic in the western world, the focus in the recent years has been on the early onset of 
puberty in obese girls and on the connection to decreased reproductive performance later in 
their lives (Roa et al., 2009). 
In order to establish a basic understanding of the physiology and pathophysiology of the 
underlying signaling pathways in humans, model organisms such as the fruit fly Drosophila 
melanogaster are used. Advantages of using D. melanogaster are its exceptionally well-
characterized genetics and short life cycle, in which the different stages are easily 
distinguishable (L. I. Gilbert, 2008). Additionally there are many parallels between D. 
melanogaster and humans; e.g. they both have specialized neurons in the brain producing 
peptides that are presently thought to be the most important factors for the timing of the 
onset of sexual maturation (Marchal et al., 2010; McBrayer et al., 2007; Tena-Sempere, 2006). 
These neuropeptides are prothoracicotropic hormone (PTTH) and kisspeptin in insects and 
humans, respectively, which both act through stimulation of steroid hormone synthesis. 
Considerable evidence has been gathered in the last couple of years suggesting that the 
kisspeptin system is a major relay centre for mediating metabolic information such as stress 
or energy status onto the regulation of the sexual maturation (Castellano et al., 2009). 
Nevertheless the network is not yet fully understood. The PTTH system in D. melanogaster 
might be a comparable relay centre, where similar information is integrated. 
The aim of this project is to contribute to the understanding of the developmental programs 
controlling the transition from adolescence to adulthood by exploring the mechanism 
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underlying PTTH production and secretion in D. melanogaster. Possible regulators of the 
Prothoracicotropes are found by literature survey. In order to understand the regulation of 
PTTH secretion, we examine the effect of manipulating different inputs of the PTTH-
producing neurons. The binary Gal4-UAS system is used to either knockdown or overexpress 
receptors or other key elements involved in the response to the possible regulators. The 
effects on timing of sexual maturation are subsequently monitored. The effects on ptth 
expression were examined using green fluorescent protein (GFP) as a reporter protein. In 
addition the PTTH signaling is demonstrated by an immunostaining assay. 
The remaining part of this chapter presents an overview of the factors affecting the 
development in D. melanogaster and reviews the production of PTTH and steroid hormone 
production. Finally, we outline the possible PTTH regulators and our expectations in regard to 
the outcome of the experiments. 
2.1 Overview of the development of  Drosophila melanogaster 
D. melanogaster is as mentioned an often used model in 
exploring and understanding animal organisms due to its 
well described genetics and short life cycle (Caldwell, 2007).  
The life cycle consists of an embryonic stage, three larval 
instars, a prepupal, pupal, and adult stage, see Figure 1 
(Griffith, Wesler, Lewontin, & Carroll, 2008).  
In D. melanogaster, the timing of moulting from one 
developmental stage to another is controlled mainly by the 
steroid moulting hormone 20-hydroxyecdysone (20E) (L. I. 
Gilbert, Rybczynski, & Warren, 2002). 20E is released 
multiple times during development and peaks in 20E 
concentrations initiate the major developmental transitions; 
embryogenesis, larval moulting and pupariation (Colombani 
et al., 2005). During the transitions growth temporarily 
stops (Henrich, Rybczynski, & Gilbert, 1999). At the end of the third larval instar, 16 hours 
prior to pupariation, larvae start wandering behaviour to find an appropriate location for 
pupariation (Warren et al., 2006). Towards the end of the third larval instar, larvae stop 
Figure 1 - Life cycle of D. 
melanogaster: the embryonic 
stage, first larval and second larval 
instars each approximately last 1 
day. The third larval instar is 2 
days followed by a pupal stage of 
approximately 4 days. Based on 
(Griffith et al., 2008). 
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feeding and empty their gut (Schubiger, Wade, Carney, Truman, & Bender, 1998). Pupariation 
is initiated by a large peak in the 20E concentration at the end of the third larval instar, see 
Figure 4. Therefore this is the most interesting peak in regard to sexual maturation, which 
begins with metamorphosis in the pupa stage (Henrich et al., 1999). 
The concentration of 20E is mainly controlled by the neuropeptide PTTH, which stimulates 
the production of ecdysone (E), a precursor of 20E, in the prothoracic gland (PG) (Marchal et 
al., 2010). PTTH is released from 4 PTTH-producing neurons called prothoracicotropes in the 
brain. In D. melanogaster the axons of the Prothoracicotropes directly terminate on the PG (). 
PTTH stimulate the PG cells to activate the synthesis of E via the Torso receptor and 
subsequently the mitogen-activated protein kinase (MAPK) pathway, see Figure 2 (Rewitz et 
al., 2009; Rewitz, Yamanaka, Gilbert, & O'Connor, 2009). E and 20E is synthesized from 
cholesterol through a series of reactions catalyzed by enzymes, encoded by the halloween 
genes (Rewitz, Rybczynski, Warren, & Gilbert, 2006). 
Though the PTTH-20E system is the main regulator of developmental timing in D. 
melanogaster, other factors affect growth and development. The regulation of 20E production 
is also affected by the insulin/insulin growth factor signaling (IIS) system, which plays a 
central role in directing growth (Walkiewicz & Stern, 2009). Whereas the pulsating secretion 
of 20E controls major developmental transitions, molecules of the insulin family control 
growth and metabolism (Colombani et al., 2005). The IIS system is coupled to the target of 
rapamycin (TOR) pathway, which is also thought to be an independent affector of E 
production in response to the nutritional state (Layalle, Arquier, & Leopold, 2008). 
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Figure 2 - Overview of pathways affecting 20E synthesis:  (A) each brain lobe contains two 
prothoracicotropes, responsible for the production of the prothoracicotropic hormone (PTTH). The axons of 
the prothoracicotropes terminate on the ring gland, containing the prothoracic gland (PG). (B) PTTH stimulates 
ecdysone (E) synthesis in the PG through the mitogen -activated protein kinase (MAPK) pathway, which is 
activated by the Torso receptor. The stimulated MAPK-pathway initiates transcription of halloween genes, 
which are responsible for the conversion of cholesterol to E. Furthermore the target of rapamycin  (TOR) 
pathway and the insulin/insulin growth factor signaling (IIS) system affect the synthesis of E, possibly by 
affecting halloween gene expression. The TOR pathway is stimulated by amino acids and the IIS -system is 
stimulated by Drosophila insulin like peptides (DILPs). E is secreted to the peripheral tissue, where it is 
converted to 20-hydroxyecdysone (20E). Based on (Colombani et al., 2005; Layalle et al., 2008; McBrayer et al., 
2007; Rewitz et al., 2009; Rewitz et al., 2009; Rewitz et al., 2009). 
A condition called the critical weight is a developmental checkpoint after which the process of 
metamorphosis cannot be stopped (Nijhout, 2003). The attainment of a critical weight 
ensures that metamorphosis will occur even though the larva is subsequently starved (Layalle 
et al., 2008). Critical weight can thus be defined as the weight after which feeding no longer 
affects the timing of pupariation (Edgar, 2006). Another term used in describing growth of D. 
melanogaster is the terminal growth period (TGP). TGP is the period between obtainment of 
critical weight and the cessation of growth, which is expected to be important in determining 
final body size of the fly (Layalle et al., 2008). 
As the larva commence pupariation and subsequently undergo metamorphosis, clusters of 
specific cells, known as imaginal discs, start to differentiate, see Figure 3. These cells give rise 
to adult structures like legs, wings, antennae, eyes, thorax, and genitals. During larval stages 
the imaginal discs await signal to start the development. In the metamorphosis larval 
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structures are lysed and destroyed by 
programmed apoptosis, and the 
imaginal discs divide rapidly to 
construct the new adult structures (S. 
F. Gilbert, 1994). It has been shown 
that damage to the imaginal discs 
causes a delay in the onset of 
metamorphosis in D. Melanogaster 
(Halme, Cheng, & Hariharan, 2010). 
This suggests that imaginal discs 
transmit signals relevant in the 
regulation of developmental timing.  
The synthesis of E occurs in the PG 
that in D. melanogaster is a part of the ring gland, which also includes the corpus allata (CA) 
and corpus cardiac (CC), see Figure 5. CA is responsible for the secretion of juvenile hormone 
(JH) (Caldwell, Walkiewicz, & Stern, 2005). In large insects it was established that a drop in JH 
concentration in the third larval instar is followed by a large peak in PTTH and hereby an 
increase in E and 20E production (Nijhout, 2003). Figure 4 illustrates the fluctuations of 20E, 
PTTH, and JH titer during development. 
Figure 3 - Location and developmental fate of imaginal 
discs: imaginal disc cells of the larva proliferate and 
differentiate to give rise to adult tissues during metamorphosis. 
Modified from (Gilbert, 1994).  
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Figure 4 - Hormone levels during development of insects: the figure is an idealized illustration of hormone 
fluctuations in insect larva and pupa and has been fitted to the life cycle of D. melanogaster . Peaks in PTTH 
concentrations give rise to an increase in the 20E concentration. The JH titer declines in the end of the second 
instar followed by small peaks in the PTTH titer in the beginning of the third larval instar. The third instar 
terminates with a large peak in PTTH, and subsequently the 20E concentration in creases, permitting the larva 
to go into the prepupal and pupal stage. Just before pupariation the larva begins wandering behaviour to find 
an appropriate location for pupariation. Critical weight is a developmental checkpoint after which the process 
of metamorphosis cannot be stopped. The terminal growth period (TGP) is the period between obtainment of 
critical weight and the cessation of growth. Based on (Edgar, 2006; Layalle et al., 2008; Nijhout, 2003; 
Riddiford, 1993; Schubiger et al., 1998) . 
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2.2 The regulation of prothoracicotropic hormone secretion  
The production and release of E is thought to be 
regulated primarily by the homodimeric 
neuropeptide PTTH (Rybczynski, 2005). PTTH is 
synthesized in two large neurosecretory cells, 
called the prothoracicotropes, placed in the 
bilateral region of each hemisphere of the insect 
brain, see Figure 5 (Marchal et al., 2010). PTTH is 
synthesized as a precursor, which is cleaved as it 
is transported along the axons (L. I. Gilbert & 
Warren, 2005). In insects, such as the silkworm 
Bombyx mori, PTTH is stored in the neurohemal 
organ called the corpora cardiac-corpora allata 
complex (CC-CA-complex) (Marchal et al., 2010). 
From the CC-CA-complex it is released to the 
hemolymph and targets the PG (McBrayer et al., 
2007). This is not the case in D. melanogaster 
where the PG and the CC-CA-complex is part of a composite organ called the ring gland, which 
is positioned superior to the brain (Siegmund & Korge, 2001). In D. melanogaster the 
Prothoracicotropes directly terminate on the PG, which was shown by McBrayer et al. (2007), 
who identified the Drosophila PTTH. Drosophila ptth was detected in a pair of bilateral brain 
neurons and their axons. Further, the transcriptional profile of Drosophila ptth correlates with 
the E titer during the third larval instar (McBrayer et al., 2007).  
Even though PTTH is a key element in the control of moulting and metamorphosis in D. 
melanogaster, it is possible for the animals to develop into adults without this neuropeptide. 
McBrayer et al. (2007) demonstrated that ablation of the prothoracicotropes did not block 
development completely, but disturbed the proper timing of metamorphosis. By application of 
the Gal4-UAS system the apoptosis-inducing protein Grim was exclusively expressed in the 
PTTH-producing cells. The majority of the progeny without prothoracicotropes died during 
the larval and pupal stages, but 40 % where able to eclose. However the eclosed flies were 
larger and had reduced fertility, thereby not likely to compete with the wild type flies. 
Figure 5 – D. melanogaster  brain and ring 
gland: the brain consist of two lobes each 
containing two neurons, called the 
prothoracicotropes, producing prothoracico-
tropic hormone (PTTH). The brain further holds 
the pigment-dispersing factor (PDF) neurons. The 
axons of the PTTH-producing neurons terminate 
on PG cells, which together with the corpus 
allatum (CA) and corpus cardiacum (CC) make up 
the ring gland. Based on (Siegmund & Korge, 
2001). 
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Although the E titer of the ablated larvae was low, it eventually increased allowing the 
transition from the third larval instar to the prepupa stage, suggesting the existance of an 
alternative mechanism, which can trigger metamorphosis. Several studies have proposed IIS 
as being the regulatory pathway in the PG (Colombani et al., 2005; Mirth, Truman, & 
Riddiford, 2005; Walkiewicz & Stern, 2009). This suggests that the primary function of 
Drosophila PTTH is to regulate the level of E to properly time metamorphosis and hence the 
sexual maturation, whereas PTTH was not found to be crucial in the regulation of the larval 
moults (McBrayer et al., 2007).  
The release of PTTH is thought to be controlled by the integration of direct and indirect 
information from the insect’s external and internal environment received by the 
Prothoracicotropes. The proposed signals include photoperiod, temperature and state of 
nutrition (L. I. Gilbert et al., 2002). 
2.2.1 The circadian clock system inhibits the prothoracicotropes 
The photoperiod is registered through the circadian system (Jackson, 2001), which main 
output signal in D. melanogaster is the neuropeptide pigment-dispersing factor (PDF). The 
PDF producing neurons terminate on the dendrites of the prothoracicotropes (Siegmund & 
Korge, 2001). McBrayer et al. (2007) therefore investigated whether the expression of ptth in 
D. melanogaster is under rhythmical control through PDF. The wild type expressed ptth in the 
third instar following a cyclic pattern with an approximately 8 hour periodicity, see Figure 6A. 
 
Figure 6 – ptth expression in a wild type and pdf mutants: representative levels of ptth mRNA in the wild 
type w1118 (A) and pdf01 mutant (B) third instar larvae are determined by semi-quantitative RT-PCR. In the 
mutant, the photoperiod signaling was disrupted, resulting in an alteration of the periodicity and upregulation 
of ptth transcription. Modified from (McBrayer et al., 2007). 
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Additionally they registered a substantial upregulation around 12 hours before pupariation, 
corresponding to 88 hours after egg deposition (AED). This cyclic pattern was changed when 
the PDF production was disrupted, which was the case in the pdf01 mutants, see Figure 6B. 
The general expression of ptth was also upregulated in the mutants. This suggests that PDF 
signaling contributes to the transcriptional periodicity of ptth, acting as a general negative 
regulator. The periodicity was, however, not completely disrupted, and an upregulation was 
still present prior to the moult. This shows that there are other mechanisms regulating PTTH 
release besides photogating (McBrayer et al., 2007). In the bug Rhodnius prolixus, the PG 
activity is also regulated by light. However, when the PTTH rhythm is present, it overrules this 
regulation (Fónagy, 2009). This could also be the case for D. melanogaster. 
2.2.2 Critical weight is possibly mediated through prothoracicotropic hormone 
In the insect order Lepidoptera the obtainment of critical weight is thought to be an important 
element in the stimulation of PTTH release. Postcritical weight secretion of PTTH is only 
possible in a specific 8 hour period every day (Truman & Riddiford, 1974), and the release is 
therefore said to be under circadian control. If critical weight is reached outside this period, 
PTTH will not be released, thus feeding and growth will continue. In the following 
photoperiodic gate, PTTH secretion will occur resulting in wandering behaviour, which occurs 
immediately before pupariation. The onset of wandering behaviour is also under circadian 
control in D. melanogaster (Mirth et al., 2005). It is however uncertain whether the regulation 
of PTTH release is up- or downstream of reaching critical weight. McBrayer et al. (2007) 
proposed that PTTH is a mediator of critical weight, since loss of Drosophila PTTH resulted in 
an increased critical weight and delay in development. Critical weight would thus indicate the 
attainment of a certain developmental stage, but not regulate the developmental process. 
2.2.3 Nutritional effect on the prothoracicotropic hormone secretion 
Another factor believed to be important for insect´s timing of pupariation is the amount of 
nutrients in their endogenous environment. To investigate whether the Prothoracicotropes 
respond to changes in nutritional state Layalle et al. (2008) compared the ptth expression of 
normal fed D. melanogaster larvae to larvae raised on limited food. No difference was 
detected, suggesting that nutrition does not influence the expression of ptth (Layalle et al., 
2008). However, PTTH release in Rhodnius prolixus was previously found to increase after 
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feeding, suggesting nutritional state as a regulator of PTTH secretion (Sevala, Sevala, 
Loughton, & Davey, 1992). 
Layalle et al. (2008) also investigated whether the TOR pathway is involved in coupling the 
energy balance to the PTTH production. They used the enhancer trap line feb211 to express 
Gal4 in the prothoracicotropes, thereby expressing the tuberous sclerosis complex proteins 1 
and 2 (TSC1/2), which inhibits TOR. The connection between TOR and TSC1/2 is further 
described in paragraph ‎2.3.3. The duration of larval development was not affected when TOR 
was inhibited using the Feb211-Gal4 driver indicating that the prothoracicotropes may not be 
regulated by the TOR pathway in D. melanogaster. 
2.2.4 Prothoracicotropic hormone secretion and feedback regulation by 20-hydroxyecdysone 
Release of PTTH is proposed to be regulated by feedback of 20E (Marchal et al., 2010). 
Indications of a feedback mechanism between the 20E titer and the release of PTTH come 
from studies using the tobacco hornworm Manduca sexta; the hypothesis is that 20E, at 
moderate concentrations, stimulates release of PTTH, but at high concentration it will 
suppress PTTH release (Sakurai, 2005). 20E acts through the nuclear Ecdysone receptor 
(EcR), which forms a heterodimeric complex with the retinoid receptor Ultraspiracle (USP) 
(Nakagawa & Henrich, 2009). 
2.2.5 A drop in juvenile hormone enables proper metamorphosis 
JH is produced and released from the CA, which is a group of small medial cells in the ring 
gland of D. melanogaster, see Figure 5. JH is present in high levels from the late embryo stage 
until the beginning of the last larval instar (Dubrovsky, 2005), where it is degraded, in part, by 
juvenile hormone esterase (Edgar, 2006). The function of JH is to promote juvenile 
development and inhibit metamorphic moulting (Marchal et al., 2010). JH reappears in many 
adult insects to control some of the reproductive mechanisms (Soin et al., 2008).  
In lepidopteran and insects without a metamorphic moult, the role of JH is to promote a status 
quo situation (Soin et al., 2008). In the presence of JH, 20E ensures a larva-to-larva moult 
(Dubrovsky, 2005), while the drop of JH titer under a certain threshold during the final instar, 
enables 20E to trigger metamorphic moulting, a larva-to-pupa moult, see Figure 4 (McBrayer 
et al., 2007). In M. sexta, this initiation of metamorphosis induces that larval genes are turned 
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off and the tissue therefore becomes committed to execute pupariation in the following surge 
of E (Riddiford, Hiruma, Zhou, & Nelson, 2003). It is, however, still poorly understood how the 
presence of JH maintains the status quo and if it affects timing of metamorphosis through 
other mechanisms (Riddiford, Truman, Mirth, & Shen, 2010). In D. melanogaster JH does not 
prevent the onset of metamorphosis, since metamorphosis was still initiated although 
delayed, in larvae under continuous exposure to excessive JH. The absence of JH is however 
crucial for the final differentiation of the adult structures (Riddiford & Ashburner, 1991).  
The major role for JH in insect development is to regulate the effect of E after it is synthesized 
in the PG. Additional to this regulation, JH is also presumed to have a direct and indirect 
regulation of the biosynthesis of E in the PG (Marchal et al., 2010). A direct regulation was 
shown in B. mori where introduction of the CA or a JH analog to exogenous larval PG 
decreased the E secretion (Yamanaka et al., 2007). They further showed that the decrease was 
caused by transcription inhibition of spook (spo), a halloween gene necessary in the synthesis 
of E, see paragraph ‎2.3.3 (Ono et al., 2006). The indirect regulation of E synthesis is proposed 
to go through regulation of the PTTH level. This correlation has been shown in B. mori, where 
topical application of JH affects the PTTH titer in the hemolymph (Mizoguchi, 2001). The 
impact varied depending on the time for application. JH application in the end of the 
penultimate, or in the beginning of the last, instar resulted in an increased PTTH titer. After 
the onset of wandering behaviour, corresponding to day 6 in the last instar, application did, 
however, not affect the PTTH titer. Additionally Mizoguchi (2001) showed that application on 
day 5 of the last instar delayed pupariation, even though the PTTH and E titer was not affected 
and therefore remained high. These findings contradict earlier notions of JH being a negative 
regulator of PTTH secretion, and instead suggest that JH inhibit the tissues response to E 
(Mizoguchi, 2001). 
Based on studies in D. melanogaster two candidates have been proposed as the JH receptor: 
USP and Methoprene-tolerant (Met) (Riddiford, 2008). USP is a nuclear receptor and an 
orthologue of the vertebrate retinoid X receptor (RXR) (Riddiford, 2008). The hypothesis that 
USP is the JH receptor is based on the receptors affinity for JH and JH-like ligands (Jones, 
Jones, Teal, Sapa, & Wozniak, 2006). It is proposed that both the homodimeric and 
heterodimeric form of USP can activate a gene response to JH, see Figure 7. In the presence of 
both 20E and JH the USP-EcR dimer initiates larval moult. When the JH titer subsequently 
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declines metamorphosis will be implemented (Riddiford, 2008). Jones et al. (2006) showed 
that USP could bind products of the JH biosynthetic pathway with different affinities. Some of 
the products showed the same affinity that RXR exhibits for its primary ligand 9-cis retinoic 
acid.  
 
Figure 7- Proposed role of the Ultraspiracle (USP) receptor:  the hypothesis is that JH binds to the ligand-
binding domain of USP, both in the homo- and hetorodimeric form. When USP forms a heterodimer with the 
ecdysone receptor (EcR), larval moults are initiated in the presense of 20E and JH via binding to the ecdysone 
response element (EcRE), while the metamorphic moult is initiated in the presence of 20E. Modified from  
(Riddiford, 2008) . 
The Met receptor is part of a transcriptional regulator family and resides in the nuclei. It has 
been found in various tissues, some known as JH targets (Dubrovsky, 2005). Genetic evidence 
has shown that Met could be the receptor for JH. This assumption is based on a study in D. 
melanogaster showing that mutation of the met gene confers resistance to toxic doses of JH 
(Soin et al., 2008). Also met null mutants have a more than 10-fold higher resistance to the 
effects of JH at the time of pupariation and show delayed egg production and infertility 
(Riddiford, 2008). This evidence is supported by a loss-of-function study, which showed that a 
met mutant exhibit reduced binding affinity towards JH (Dubrovsky, 2005). A landmark in the 
search for the JH receptor was reached by studying the beetle Tribolium castaneum. Mutating 
the Met receptor resulted in the precocious metamorphic moult, probably due to inability to 
respond to JH (Konopova & Jindra, 2007). 
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2.2.6 Retinoic acid affects the production of prothoracicotropic hormone 
The vitamin A derivative retinoic acid (RA) has recently been suggested to regulate 
developmental timing in D. melanogaster by affecting the E titer through ptth expression. 
Halme et al. (2010) showed that X-ray induced damage to imaginal discs of D. melanogaster 
delays pupariation. Third instar larvae irradiated, at different levels, at 92 hours AED entailed 
a delay of pupariation of 23 and 49 hours. This developmental delay allowed regeneration of 
damage inflicted on imaginal disc tissue through irradiation. To test whether the delay was 
caused primarily by damage to the imaginal discs, Halme et al. (2010) induced damage to the 
wing discs genetically by expression of the proapoptotic gene reaper. This caused a delay 
corresponding to those observed due to irradiation. Larvae irradiated before the third instar, 
at 48 hours AED and 60 hours AED, also showed a prolonged third instar, but timing of the 
previous moults was not affected (Halme et al., 2010). This showed that a checkpoint might be 
present somewhere in the third larval instar. It has also been shown that reduced PTTH 
signalling primarily affects the duration of the third instar (McBrayer et al. 2007). The timing 
of the damage induced delay is therefore consistent with an interruption of the PTTH 
signalling, indicating a connection between imaginal disc signalling and PTTH levels. 
Furthermore, third instar larvae irradiated at 104 hours AED, but not those irradiated at 116 
hours AED, showed a delay. These findings suggest the presence of a developmental 
checkpoint in the third larval instar sometime between 104 and 116 hours AED and that 
signalling from the imaginal discs can affect larvae growth until this point is reached (Halme 
et al., 2010). This checkpoint is therefore similar to the critical weight, after which the larvae 
is committed to enter metamorphosis. 
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To elucidate a potential relationship between the 20E titer and the damage induced delay, 
Halme et al. (2010) conducted a feeding experiment. They showed that feeding 20E to 
irradiated larvae reduced the delay induced by damaging the imaginal discs and the time 
available for regeneration of tissue was thereby reduced (Halme et al., 2010). This rescue 
experiment suggests that the delay in pupariation is caused by a lower 20E titer resulting 
from imaginal disc damage.  
Furthermore they investigated, whether there is a correlation between the ptth expression 
and the damage of imaginal discs. Larvae expressing reaper in the wing discs exhibited a delay 
in the ptth expression (Halme et al., 2010). Irradiated larvae expressed a lower amount of ptth 
than unirradiated larvae, corresponding to their delay of pupariation. A rescue experiment 
using constitutive expression of ptth by a tubulin-GAL4 driver also showed a partially 
reduction of the delay (Halme et al., 2010). Taken together this indicates that the delay in 
pupariation is, at least, partly due to inhibition of ptth expression and release. 
To reveal the inhibiting signal from the imaginal discs on PTTH, Halme et al. (2010) conducted 
a screen for mutations causing a reduction in the developmental delay of irradiated D. 
melanogaster larvae. The screen indentified several deletions which affected the delay. These 
included mutations in ninaB and D. melanogaster-fdh encoding the proteins β-carotene 
15,150-monooxygenase (BCO) and formaldehyde dehydrogenase, respectively. These 
proteins are both part of the RA biosynthetic pathway and the results therefore suggest that 
retinaldehyde or a downstream metabolite are inhibitors of ptth expression, see Figure 8 
(Ashburner, 1998; Fry & Saweikis, 2006; Luque, Atrian, Danielsson, Jornvall, & Gonzalez-
Duarte, 1994; Wang, Jiao, & Montell, 2007). 
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Figure 8 – The biosynthesis of retinoic acid : β-carotene is absorbed through the scavenger receptor and 
converted to retinaldehyde by the enzyme β -carotene 15,150-monooxygenase (BCO) in imaginal disc cells. 
Retinaldehyde is further converted to retinol by a mechanism not shown. Retinol is metabolize d by 
formaldehyde dehydrogenase to retinaldehyde, which is further converted by an aldehyde dehydrogenase to 
retinoic acid (RA). RA is thought to be a negative regulator of the prothoracicotropes. The receptor and 
enzymes shown are suggested D. melanogaster orthologues of mammalian proteins. Based on (Halme et al., 
2010).  
To reveal whether retinaldehyde or its downstream metabolites are the inhibiting signal 
Halme et al. (2010) supressed D. melanogaster-Aldh. This gene encodes an aldehyde 
dehydrogenase (Fry & Saweikis, 2006) which catalyzes the conversion of retinaldehyde to RA. 
The suppression also caused a delay in pupariation (Halme et al., 2010), which indicates RA or 
possibly a metabolite as the inhibitory signal on the PTTH production. 
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2.3 The regulation of steroidogenesis in the prothoracic gland  
2.3.1 Prothoracicotropic hormone stimulates expression of ecdysone biosynthetic enzymes via 
Torso, the mitogen-activated protein kinase pathway, and possibly other protein kinases 
Although indications for a crucial role of PTTH in insect moulting were already found in the 
first half of the 20th century (Rybczynski, 2005), the molecular pathway and its receptor 
remained elusive until recently. A novel study has found that PTTH stimulates the production 
of E in the PG of D. melanogaster through the receptor tyrosine kinase (RTK) Torso (Rewitz et 
al., 2009). The PTTH signalling is transmitted downstream by a cascade of phosphorylations, 
known as the MAPK pathway (Rewitz et al., 2009), and possibly other kinases (Rybczynski, 
2005; Rybczynski & Gilbert, 2006; Song & Gilbert, 1994). Studies conducted in non D. 
melanogaster insects propose that the kinase pathways converge by regulating specific 
translational factors (Rybczynski & Gilbert, 2006). The translation factors regulate the 
halloween gene family which encode the E biosynthetic enzymes necessary for conversion of 
cholesterol to 20E (Rewitz et al., 2006). In D. melanogaster PTTH influences the expression 
patterns of the halloween genes (McBrayer et al., 2007). 
To find the PTTH receptor, Rewitz & Yamanaka et al. (2009) examined the expression of RTKs 
in the PG of D. melanogaster and showed that torso was expressed specifically in this tissue. 
The gene family to which torso belongs is essential for anterior and posterior development 
during early embryogenesis. An alignment of PTTH and the presumed embryonic Torso ligand 
Trunk (Trk) showed similarity in structure between the two peptides (Rewitz et al., 2009). 
This suggests that these two ligands may share enough structural similarity to activate the 
same receptor. In the same study Torso was knocked down in the PG using RNA interference 
(RNAi), which resulted in a 5.8 days delay of pupariation, a delay similar to that observed in 
animals lacking Prothoracicotropes. Additionally, to show that PTTH can activate Torso in 
vivo, a rescue experiment was conducted with trk mutants, in which ectopic expression of 
PTTH partly rescued the phenotype of these mutants (Rewitz et al., 2009). This suggested that 
PTTH was able to activate Torso during embryogenesis. 
In the PG, Torso relays the PTTH signal downstream via the MAPK pathway, consisting of the 
proteins Ras, Raf, Mek and extracellular-signal-regulated kinase (ERK), see Figure 9 (Rewitz et 
al., 2009). The MAPK cascade is a ubiquitous pathway, which is used in several signal 
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transduction systems. Activated Torso catalyzes the replacement of GDP by GTP on Ras and 
thereby activates it. Ras in its GTP bound state leads to the phosphorylation of Raf, which in 
turn phosphorylates MEK. Phosphorylated MEK activates ERK by a dual phosphorylation and 
a portion of the activated ERK translocates to the nucleus and affects gene expression (McKay 
& Morrison, 2007).  
 
Figure 9 – Activation of ecdysone synthesis by prothoracicotropic hormone in the prothoracic gland:  
Prothoracicotropic hormone (PTTH) activates the mitogen-activated protein kinase (MAPK) through the Torso 
receptor. MAPK is initially activated by phosphorylation of Ras. Activated Ras phosphorylates Raf, which in 
turn phosphorylates MEK. Phosphorylated MEK activates extracellular -signal-regulated kinase (ERK) by 
phosphorylation, and a portion of the activated ERK translocates to the nucleus and affects expression of  the 
halloween genes. The gene products of the halloween genes, the CYP450 enzymes, catalyze the synthesis of 
ecdysone (E) from cholesterol. E is subsequently secreted to the peripheral tissues where it is converted to 20 -
hydroxyecdysone (20E). PTTH is proposed to decrease the level of phosphorylated Pumillo, which is thought to 
be responsible for the degradation of Spo mRNA. Based on (McBrayer et al., 2007; McKay & Morrison, 2007;  
Rewitz et al., 2009).  
In the embryo the signal of Trk is mediated through the MAPK pathway. If the MAPK pathway 
also is the true signal transducer of PTTH an interruption of a component in the MAPK 
pathway is expected to yield a delay similar to the one observed with loss of Torso or PTTH. 
Silencing Ras and ERK resulted in a delay of 4.3 and 6.1 days, respectively (Rewitz et al., 
2009). Furthermore, expression of a constitutively activated Ras was able to rescue the torso-
RNAi induced delay.  
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To test whether ERK is activated by PTTH, PG cells were incubated in the presence or absence 
of PTTH. It was shown that there was a 3 to 4 fold increase of phosphorylated ERK in the PGs 
stimulated with PTTH for 15 minutes (Rewitz et al., 2009). 
Rewitz & Yamanaka et al. (2009) further demonstrated that ERK was phosphorylated in a D. 
melanogaster cell line, when the cells were stimulated with Bombyx PTTH and cotransfected 
with Bombyx torso and Drosophila ERK.  
Taken together, these results suggest that PTTH is a ligand for Torso, which is coupled to the 
MAPK phosphorylation cascade.  
In other insects PTTH induced steroidogenesis was found to involve cAMP generation, and at 
least three other protein kinases, namely protein kinase A, protein kinase C, and S6 Kinase 
(S6K) (Rybczynski, 2005; Rybczynski & Gilbert, 2006; Song & Gilbert, 1994). S6K is proposed 
to be the key effector of PTTH induced steroidogenesis in insects, and it cannot be ruled out 
that these kinases also play a role in D. melanogaster. (L. I. Gilbert & Warren, 2005). 
A key question is how activation of ERK and possibly the other protein kinases are coupled to 
steroidogenesis. The conversion of cholesterol to 20E is thought to depend on at least 5 
halloween genes, which encode the cytochrome P450 (CYP450) enzymes, and the Rieske-
domain protein called Neverland (Nvd), see Figure 10 (McBrayer et al., 2007). Mutations in 
the halloween genes lead to low E concentration and subsequent embryonic lethality (L. I. 
Gilbert, 2004). Additionally the expression of the halloween genes exhibits the same 
periodicity pattern as PTTH transcription in D. melanogaster, specifically an increase 12 hours 
prior to metamorphosis (McBrayer et al., 2007). The E biosynthetic CYP450 enzymes were 
identified as Spook (Spo), Spookier (Spok), Phantom (Phm), Disembodied (Dib), Shadow 
(Sad), and Shade (Shd) (Rewitz et al., 2006). The role of Nvd, Spo, and Spok is not completely 
verified, whereas Shd, Sad, Dib and Phm have been functionally characterized (McBrayer et 
al., 2007). The hydroxylation of E to 20E, catalyzed by Shd, is the only reaction that is 
restricted to tissues peripheral to the PG (Rewitz et al., 2006).  
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Figure 10 - Overview of insect steroidogenesis:  20-hydroxyecdysone biosynthesis is catalyzed by a number 
of cytochrome P450 enzymes, encoded by genes in the halloween family, and a Rieske-domain protein called 
Neverland. The role of Neverland, Spook, and Spookier is not completely verified, whereas Shade, Shadow, 
Disembodied and Phantom have been functionally characterized. The enzymes are dehydrogenases, reductases, 
or hydroxylases. Modified from (McBrayer et al., 2007).  
Synthesis of the halloween genes, expressed in the PG, is observed to be reduced by ablation 
of the prothoracicotropes and this decrease resulted in a lowered 20E titer (McBrayer et al., 
2007; Yamanaka et al., 2007). Nevertheless it is still unclear, which step or steps are rate-
limiting for E synthesis in the PG. In B. mori the dib expression from cultured PG was 
significantly increased after treatment with PTTH compared to sad and phm, suggesting that 
PTTH primarily is a transcription activator of dib (Niwa et al., 2005).  
Additional to the PTTH induced transcriptional activation of the halloween genes, and 
subsequently increased E synthesis, an acute PTTH induced E production have also been 
observed. This is thought to involve posttranscriptional modification and phosphorylation of 
the inactive Spo (Rewitz et al., 2009). Phosphorylated Spo catalyzes the conversion of 7-
dehydrocholesterol to ∆4-diketol, an early and rate limiting step in the E biosynthesis. Rewitz 
et al. (2009) proposed that PTTH induces phosphorylation of Spo and decreases the level of a 
phosphorylated Pumilio homologue, an RNA binding protein, which is thought to be 
responsible for the degradation of Spo mRNA, see Figure 9. 
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2.3.2 Drosophila insulin-like peptides affect the expression of disembodied and phantom 
The growth rate of an organism is primarily regulated by nutrient uptake (Caldwell et al., 
2005; Claeys et al., 2002), for which insulin-like peptides (ILPs) play a critical role. In D. 
melanogaster, Drosophila ILPs (DILPs) has a regulatory effect on general growth of tissues and 
on development through stimulation of E and JH production in the ring gland (Ikeya, Galic, 
Belawat, Nairz, & Hafen, 2002). 
In D. melanogaster there are seven DILPs acting on the insulin receptor (InR), an RTK (Mirth & 
Riddiford, 2007). DILPs are expressed in e.g. the imaginal discs, the gut, and in a number of 
neurosecretory cells in the central nervous system, mainly in the insulin producing cells 
(IPCs) (Ikeya et al., 2002). DILPs expressed in the IPCs are transferred to the PG and the 
hemolymph via terminal axons (Claeys et al., 2002).  
The insulin signaling pathway in D. melanogaster is very similar to that of mammals (Mirth & 
Riddiford, 2007). When the InR is stimulated by DILPs the insulin receptor substrate (IRS) is 
activated, which results in binding of phosphatidylinositide 3-kinase (PI3K) to the membrane, 
see Figure 11. PI3K converts phosphatidylinositol 4,5-bisphosphate (PIP2) to 
phosphatidylinositol 3,4,5 triphosphate (PIP3). PIP3 is a second messenger and promotes 
increased cell growth and proliferation, when it accumulates in the cell (Mirth & Riddiford, 
2007). Another effect of increased PIP3 level is the recruitment of phosphoinositide-
dependent protein kinase 1 (PDK1) and Akt, to the membrane. Activation of Akt has a series 
of functions, where some are affecting growth. By phosphorylation of Forkhead box, class 0 
(Fox0), which is a negative transcriptional regulator of cell growth, Akt prevents the entry of 
Fox0 into the nucleus. Another growth promoting function of Akt is to suppress the TSC1/2 
complex, causing the TOR pathway to remain active (Mirth & Riddiford, 2007). The TOR 
pathway is discussed in paragraph ‎2.3.3. 
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Figure 11 – The insulin/insulin growth factor signaling system regulates the ecdysone synthesis:  the IIS 
pathway is involved in controlling the nutrient dependent growth in D. melanogaster . The insulin receptor 
(InR) is activated by binding of Drosophila insulin like peptides (DILPs). The activation of the InR leads to 
activation of the insulin receptor substrate (IRS). Together with the protein adaptor, p60, IRS recruits 
phosphatidylinositide 3-kinase (PI3K) to the cell membrane. The function of PI3K is to phosphorylate 
phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3). The reverse 
reaction is catalyzed by phosphatase and tensin homologue (PTEN) , resulting in inhibited insulin signaling. 
When the level of PIP3 increases, the phosphoinositol-dependent kinase (PDK1) binds to the membrane. This 
activates Akt, which promotes cell growth by inhibiting Forkhead box, class 0 (Fox0) and by promoting the 
insertion of glucose transporters into the membrane. Furthermore A kt inhibits Tuberous Sclerosis 1 and 2 
(TSC1/2) and thereby target of rapamycin (TOR) activity is sustained. PI3K is also an important regulator of E 
biosynthesis through upregulation of dib and probably phm. Based on (Colombani et al., 2005; Mirth & 
Riddiford, 2007; Walkiewicz & Stern, 2009) . 
A study by Ikeya et al. (2002) indicates that the expression of specific DILPs is regulated by 
nutrient availability. In non-starved larvae mRNA transcripts of DILP2, DILP3 and DILP5 was 
detected in the IPCs. But in starved larvae only DILP2 transcript levels remained unchanged, 
while DILP3 and DILP5 levels were reduced. It was furthermore shown that overexpression of 
the seven DILPs throughout development increases body size significantly as a result of 
increased IIS. Finally, genetic ablation of DILP2, DILP3 and DILP5 producing neurons led to 
reduced adult size (Ikeya et al., 2002).  
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Colombani et al. (2005) overexpressed PI3K in the PG and CA, which resulted in precocious E 
synthesis. This might be explained by an upregulation of dib and probably also phm and an 
increased PG cell size (Colombani et al., 2005; Walkiewicz & Stern, 2009). It is assumed that 
the size increase of the PG cells is not as important for steroidogenesis as the upregulation of 
dib and phm.  
The size of the insect is determined by larval growth rate and the length of the growth period 
(Caldwell et al., 2005)(Caldwell et al., 2005)(Caldwell et al., 2005; Colombani et al., 2005). 
There is no consensus about how IIS affect larval growth rate and period. One notion is that 
activation of IIS increases larval growth rate, but does not have much effect on final body size 
due to shorter larval stages (Walkiewicz & Stern, 2009). 
2.3.3 Target of rapamycin complex 1 activity in the prothoracic gland is critical for ecdysone 
production in the terminal growth period 
Another way of coupling nutrition to E production is through the TOR kinase, which is a 
central component of a pathway closely linked to IIS. Only a few studies have been carried out 
to elucidate the implication of TOR in E biosynthesis. However, a study by Layalle et al. (2008) 
indicates that TOR kinase affects the timing of metamorphosis in D. melanogaster by relaying 
signals of nutritional state to the regulatory system controlling steroidogenesis in the PG.  
TOR integrates nutritional information to control the expression of many target genes. 
Therefore, the TOR pathway is critical for coupling energy balance with cellular growth in 
eukaryotic organisms (Liao, Majithia, Huang, & Kimmel, 2008; Wullschleger, Loewith, & Hall, 
2006). TOR can be bound in two different complexes. Only the TOR complex 1 (TORC1), in 
which TOR is bound to three other proteins, is important for E synthesis in the PG (Layalle et 
al., 2008). The kinase activity is stimulated when the assembly is induced by the presence of 
amino acids, ATP, and oxygen, see Figure 12 (Liao et al., 2008). 
TOR activity in the insect fat body, a tissue containing cells corresponding to mammalian 
adipocytes and hepatocytes, controls release of endocrine signals, which increase the 
sensitivity of other cells to DILPs (Colombani et al., 2003). This means that IIS is modified and 
the general growth of the organism is regulated in response to the amount of free amino acids. 
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In this way TOR affects the size and weight of D. melanogaster, which is coupled to the timing 
of metamorphosis (Colombani et al., 2003; Walkiewicz & Stern, 2009). 
Layalle et al. (2008) suggested that TOR has a direct effect on steroidogenesis, since 
suppression of TORC1 activity in the PG was observed to prolong the third larval instar, more 
specifically the terminal growth period (TGP). The growth rate was not found to be affected. 
The E secretion was also shown to be reduced when TORC1 was suppressed, indicating that 
the effect on the length of TGP is coupled to E synthesis. Moreover a prolongation of the TGP 
due to low food conditions was decreased with 50 % by activation of TORC1 in the PG. The E 
titer was found never to reach the threshold for pupariation, but pupariation occurred 
eventually. 
 
S6K is one of the protein kinases suggested to transmit the PTTH signal in the PG, see 
paragraph ‎2.3.1. Since TOR is the major activator of S6K (Zhang, Stallock, Ng, Reinhard, & 
Neufeld, 2000), Layalle et al. (2008) proposed that TORC1 activity might affect the PTTH 
induced E production in the PG in response to the nutritional state, through activation of S6K. 
In D. melanogaster TOR is also involved in activation of Akt, transcriptional intermediary 
factor 1A (TIF1A), and bulk endocytosis. It also inhibits the 4E-binding protein (4EBP), 
autophagy, and endocytocis of amino acid transporter, see Figure 12 (Engelman, Luo, & 
Cantley, 2006; Hennig, Colombani, & Neufeld, 2006; Oldham & Hafen, 2003). These effects of 
TOR promote cell growth, but so far it is unknown which, if any, of them are connected to 
steroidogenesis. The size of the ring gland is affected by TOR signalling (Layalle et al., 2008), 
but it is unclear whether the changes in size or stimulation of a specific pathway triggers E 
production. 
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Figure 12 - The target of rapamycin and its regulation:  target of rapamycin (TOR) activity is regulated by 
the concentration of free amino acids and ATP as well as the activity of Akt. Akt further inhibits the 
translational repressor 4E-binding protein (4EBP) via Forkhead Box, Class 0 (Fox0). There is no consensus, 
whether the effect of amino acids is strongest on tuberous schlerocis complex 1 and 2 (TSC1/ 2), Ras 
homologue enriched in brain (RHEB) or TOR (Wullschleger et al., 2006). In its active form TOR promotes cell 
growth by several interactions; Suppression of 4EBP, activation of S6 Kinase (S6K) and increased translation of 
the transcriptional intermediary factor 1A (TIF1A). It further suppresses autophagy, a catabolic process of 
breaking down cellular components in the lysosomes. Additionally the transport of amino acids into the cell is 
promoted by inhibiting the targeted endocytosis and subsequent breakdown of amino acid transporters. At the 
same time, stimulation of bulk endocytosis potentially increases the uptake of nutrients. Finally, TOR activates 
Akt in a positive feedback mechanism, thereby having an e ffect on growth suppression via Fox0. Data from 
(Engelman et al., 2006; Hennig et al., 2006; Oldham & Hafen, 2003) . 
The TOR pathway does not only affect IIS, as described above, but is also downstream to IIS, 
since Akt inhibits TSC1/2 through phosphorylation (Dan et al., 2002). TSC1 and TSC2 are the 
major TOR suppressors, acting through inhibition of the TOR activator Ras homologue 
enriched in brain (RHEB), see Figure 12 (Huang & Manning, 2008). Thus, TOR senses the 
nutritional state in two ways; it is dependent on free amino acid concentrations and on active 
IIS. However, IIS and TOR signalling are thought to have a distinct function in steroidogenesis. 
IIS steadily stimulates PG cell growth throughout the larval development and subsequently 
affects the basal production of E (Colombani et al., 2005). TORC1 activity in the PG is only 
critical in the TGP, where it is thought to facilitate PTTH signalling (Layalle et al., 2008). 
 30 | P a g e  
Introduction 
2.4 Investigated regulators of the prothoracicotropes  
Several candidates have been proposed as regulators of the prothoracicotropes, and thereby 
the synthesis and release of PTTH. To contribute to the understanding of the timing of PTTH 
secretion, and thus to the timing of metamorphosis, we investigated whether manipulation of 
some of these candidates specifically in the prothoracicotropes affect the duration of larval 
development in D. melanogaster. The candidates and our hypotheses concerning their 
influence on the PTTH synthesis and release are presented in the following. 
2.4.1 Regulated by nutrition: insulin/insulin growth factor signaling 
The study by Layalle et al. (2008) found that nutrition does not impact the expression of ptth. 
The study only investigated the impact of limited food conditions or inhibition of the TOR 
pathway, but not how or whether insulin affects the prothoracicotropes. Since IIS is known to 
regulate the growth rate and the duration of growth (Walkiewicz & Stern, 2009), this could be 
a candidate for the regulation of PTTH. If the activity of the prothoracicotropes is upregulated 
by IIS in the same way as e.g. the synthesis of E in the PG, we would expect that the larval 
development would be prolonged if the InR is knocked down in the prothoracicotropes.  
The InR is coupled through the IIS system to the transcriptional repressor Fox0, which 
suppresses cell growth. RNAi knockdown of Fox0 in the prothoracicotropes might therefore 
accelerate the development of the fly. 
2.4.2 Regulated by nutrition: target of rapamycin 
Nutrition can also be coupled to the prothoracicotropes through TOR which, among other 
things, responds to the level of free amino acids (Liao et al., 2008). By affecting the 
intermediates of the TOR pathway, TOR signaling is regulated. It is our aim to verify the 
results obtained by Layalle et al. (2008) and to extend the experiment by investigating 
whether overstimulation of TOR has an effect on development. The latter is conducted 
through overexpression of RHEB, which stimulates the TOR complex. Inhibition of the TOR 
complex is accomplished through overexpression of TSC1/2, inhibitors of RHEB. The TOR 
complex furthermore stimulates S6-kinase, which is a translation stimulating factor. 
Knockdown of S6K in the prothoracicotropes might therefore accelerate the timing of 
development.
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2.4.3 Regulation by retinoic acid 
Recent experiments conducted by Halme et al. (2010) indicate that signaling from imaginal 
discs regulates the PTTH level. They proposed that one of the regulatory signals from the 
imaginal discs, acting on the prothoracicotropes as a negative regulator, is RA. We assume 
that imaginal discs produce and release RA which inhibits the PTTH production, and this 
might be one of the mechanisms regulating timing of metamorphosis even when the discs are 
not damaged. Since the developmental delay, outlined by Halme et al. (2010), could not be 
entirely restored when the synthesis of RA was disrupted, we anticipate that other regulatory 
signals from the discs are present. We therefore expect that knockdown of the retinoic X 
receptor homologue, USP, would not give rise to a considerable acceleration of development. 
2.4.4 Regulation by juvenile hormone 
Originally a drop in JH titer in the last larval instar of holo- and hemimetabolous insects was 
thought to permit a rise in the PTTH titer, ultimately initiating metamorphosis (Marchal et al., 
2010). Another hypothesis proposed by Mizoguchi (2001) stated JH as a positive regulator of 
PTTH levels. He demonstrated that application of JH to B. mori, at the end of the penultimate 
or in the beginning of the last instar, resulted in an increased PTTH titer. Although this 
contradicts the original hypothesis of JH being a negative regulator of the prothoracicotropes 
both hypotheses indicate that JH is involved in the regulation of the PTTH level. Because only 
a single experiment challenges the original hypothesis, we support the idea of JH as a negative 
regulator. 
The true JH receptor is yet to be defined, but two candidates, USP and Met, have been 
suggested with Met being the most likely (Konopova & Jindra, 2007). The Met receptor is 
therefore knocked down in the prothoracicotropes in an attempt to investigate whether JH 
signalling, through this receptor, takes part in the regulation of the PTTH expression. 
Knockdown of USP might both be important for JH signalling and for RA signalling. If JH acts 
as a negative regulator of the PTTH level, knockdown of USP or Met would accelerate the 
timing of metamorphosis. If the JH regulation on the PTTH level is positive, the knockdown is 
expected to result in a delayed pupariation. 
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2.4.5 Feedback regulation by 20E 
Biological mechanisms are often self-regulated by feedback. This is the case in the human 
hormone regulation, and it is therefore likely that the E synthesis in flies is regulated by 20E 
through a similar mechanism. We examine this hypothesis by knockdown of the EcR in the 
prothoracicotropes, which enable us to observe whether 20E regulates the PTTH level 
through a feedback mechanism.  
In general we expect that the PTTH levels coincide with the timing of pupariation, hence 
precocious pupariation entails increased ptth expression and vice versa. 
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3 Methods 
The Gal4-UAS system is applied to knockdown or overexpress genes, necessary in the 
response to the candidate regulators, in the prothoracicotropes. To measure the effect of the 
genetic modifications, the timing of pupariation is monitored. Additionally, ptth expression 
was estimated by placing the GFP expression under control of the ptth promoter. Finally 
immunostaining against the phosphorylated ERK was carried out to demonstrate the activity 
of the MAPK pathway in the PG, used as a measure for PTTH signaling. 
3.1 The Gal4-UAS system,  D. melanogaster  lines and rearing conditions 
The principle of the binary Gal4-UAS system is that the binding between the yeast 
transcription factor Gal4 and the upstream activation sequence (UAS) promoter is necessary 
for activating transcription of the gene downstream of the UAS promoter (Ornitz, Moreadith, 
& Leder, 1991). gal4 is cloned into the genome of the animal to drive transcription of the 
genes of interest. Transgene flies are typically created through injecting a Gal4 or UAS vector 
to D. melanogaster embryos, which is incorporated into the genome of the embryo. In the Gal4 
vector a promoter of a D. melanogaster gene is inserted in front of gal4. By cloning gal4 next to 
a promoter of a housekeeping gene, gal4 expression will be ubiquitous. On the contrary, gal4 
expression can also be directed to specific cells or tissues by insertion of a promoter of a gene, 
which is exclusively expressed in these locations. In a UAS vector the gene of interest is 
inserted downstream to the UAS sequence (Sullivan, Ashburner, & Hawley, 2000). 
In a line carrying gal4 or UAS insertions, the genotype is otherwise the same as the wild type. 
However, crossing of a Gal4 expressing line with a line where a gene or an RNAi construct is 
under control of a UAS, induces the transcription from the UAS site through Gal4, see Figure 
13. This method enables overexpression or RNAi based knockdown of genes that are under 
control of a UAS. RNAi is based on the expression of a hairpin RNA (hpRNA) under control of 
the UAS promoter. The endonuclease Dicer processes the hpRNA to a small interfering RNA 
(siRNA), which is complementary to their target mRNA. The binding between the RNAs 
prevents translation and initiate degradation of the targeted mRNA (Piccin et al., 2001). 
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Figure 13 – Expression of genes through the Gal4-UAS system: The genome of the gal4-driver line P1 
encodes gal4, while the UAS responder line P2 contains UAS promoter region-UAS-responder gene construct. 
When these lines are crossed, the F1 generation expresses the transcription factor Gal4 and contains the UAS 
promoter-responder gene construct. As Gal4 activates transcription from the UAS promoter the F1 generation 
will express the UAS-responder gene. Modified from (Lanata, 2003). 
The following D. melanogaster lines were ordered from the Vienna Drosophila RNAi Center: 
w1118, UAS-EcR-RNAi (#37058), UAS-Met-RNAi (#100638), UAS-USP-RNAi (#16893), UAS-Fox0-
RNAi (#30556), UAS-S6K-RNAi (#18126), and UAS-InR-RNAi (#992). The UAS-InR, UAS-RHEB 
and UAS-TSC1,UAS-TSC2 (UAS-TSC1/2) lines were gifts from Thomas P. Neufeld, associate 
professor at the University of Minnesota. Michael B. O´Connor, Professor at the University of 
Minnesota, provided the UAS-USP-RNAi-3A3, ptth-Gal4 and the ptth-Gal4,UAS-CD8-GFP line.  
 Either the ptth-Gal4 line or the ptth-Gal4,UAS-OD8-GFP line are used as Gal4 driver lines that 
express Gal4 or Gal4 and GFP in the prothoracicotropes, respectively. Table 1 gives an 
overview of which genes are expressed or knocked down, when the UAS lines are crossed 
with the Gal4 driver line. 
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Table 1 – Overview of crosses of Drosophila melanogaster  lines: the table lists D. melanogaster  crosses, 
nomenclature of progeny, the affected proteins in the prothoracicotropes, and if the affected proteins are 
knocked down (KD) or overexpressed (OE). An asterix (*) denotes that the progeny expresses GFP as well as 
affecting the target protein.  
Crosses of D. melangaster lines Progeny name Affected protein KD or OE 
ptth-Gal4 X UAS-EcR-RNAi ptth>EcR-RNAi Ecdysone receptor KD 
ptth-Gal4 X UAS-Met-RNAi ptth>Met-RNAi Methoprene-tolerant KD 
ptth-Gal4 X UAS-USP-RNAi ptth>USP-RNAi Ultraspiracle KD 
ptth-Gal4 X UAS-USP-RNAi-3A3 ptth>USP-RNAi Ultraspiracle KD 
ptth-Gal4 X UAS-Fox0-RNAi ptth>Fox0-RNAi Forkhead box,class 0 KD 
ptth-Gal4 X UAS-S6K-RNAi ptth>S6K-RNAi S6 kinase KD 
ptth-Gal4 X UAS-InR-RNAi ptth>InR-RNAi Insulin receptor KD 
ptth-Gal4 X UAS-InR ptth>InR Insulin receptor OE 
ptth-Gal4 X UAS-Rheb ptth>Rheb Ras homologue enriched in brain OE 
ptth-Gal4 X UAS-TSC1/2 ptth>TSC1/2 Tuberous sclerosis complex proteins 1 and 2 OE 
ptth-Gal4 X ptth-Gal4 ptth> - - 
w1118 X w1118 w1118 - - 
ptth-Gal4 X w1118 ptth>w1118 - - 
ptth-Gal4,UAS-CD8-GFP X UAS-InR-RNAi 
ptth>GFP,InR-
RNAi 
GFP*, insulin receptor KD 
ptth-Gal4,UAS-CD8-GFP X UAS-Rheb ptth>GFP,Rheb GFP*, Tuberous sclerosis complex proteins 1 and 2 OE 
ptth-Gal4,UAS-CD8-GFP X UAS- TSC1/2 ptth>GFP,TSC1/2 GFP*, Tuberous sclerosis complex proteins 1 and 2 OE 
ptth-Gal4,UAS-CD8-GFP X w1118 ptth>GFP,w1118 GFP* - 
In the ptth-Gal4,UAS-CD8-GFPline, GFP is expressed under control of the ptth promoter in the 
prothoracicotropes. GFP expression is therefore proportional to the endogenous ptth 
expression. The use of this line enables the expression of a UAS responder gene while 
permitting quantification of ptth expression through measurement of green fluorescent 
(Halme et al., 2010). There was no particular reason for using two different UAS-USP-RNAi 
lines other than we had access to both lines. It also minimizes the probability that we get 
misleading results for USP knockdown due to the construction of the lines. A cross between, 
for instance, ptth-Gal4 and UAS-InR-RNAi is denoted ptth>InR-RNAi, as expression of ptth 
drives the expression of a hpRNA, complementary to the mRNA of the InR. 
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All UAS-RNAi lines were constructed on a w1118 background, which means that the flies have 
white eyes. All the other lines were constructed on a yw background, which means that the 
flies has a yellow body and white eyes. The majority of the crosses are thus crosses between 
these lines. Therefore, to obtain the most adequate control, ptth-Gal4 animals were crossed to 
the w1118 animals (ptth >w1118). 
The flies were reared on standard cornmeal media (Nutri-Fly) prepared according to the 
Bloomington Stock Center formulation. The animals were held at 25° C, under a 12 hour 
light/dark cycle, going from 9:00 am to 9:00 pm, if not stated otherwise. The animals were 
sedated with CO2 when removed from vials. 
3.2 Monitoring of pupariation 
For the crossings, virgin flies have to be collected from one of the lines to assure that the 
females have not been fertilized from males of their own genotype. At 25° C males are not 
fertile until 6 hours after eclosion. At 18° C the development of the male flies is prolonged, 
ensuring that no fertilization can occur in up to 18 hours after eclosion (Panganiban, 2010). 
Therefore virgin flies were collected before 18 hours when reared at 18° C or before 6 hours 
when reared at 25° C after eclosion. Virgins were collected from the ptth>, w1118, and ptth>GFP 
lines, while males were collected from all lines. 
The assay was conducted 8 times, during which the protocol was modified slightly. 
Approximately 15 male and 15 virgin female flies were crossed and egg deposition was 
carried out for 4 or 6 hours at the beginning of the light cycle. Eggs were deposited on apple 
juice agar plates supplemented with yeast. In the following, all AED times refer to the middle 
of this 4 or 6 hour period. Approximately 27 hours AED, the larvae were transferred to vials 
containing standard cornmeal media. Approximately 30 larvae were placed in each rearing 
tube to ensure optimal growth conditions. 
The developmental transition monitored was pupariation. The pupariation was characterized 
by shortening of the animal, eversion of anterior spiracles followed by a darkening of the 
pupae. The number of pupariated animals was counted three times a day, at 9:00 am, 12:00 
am, and 3:00 pm, running from day 5 to 8 AED. The results were excluded from the analyses, 
when less than 15 or more than 40 pupae appeared in the rearing vials.  
This experiment will in the following be referred to as the developmental timing assay.  
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3.3 Estimation of ptth expression and signalling 
3.3.1 Immunostaining of the brain and ring gland 
ptth expression was compared between ptth>GFP,w1118, ptth>GFP,InR-RNAi, ptth>GFP,TSC1/2, 
and ptth>GFP,Rheb larvae. Crossing and egg deposition were carried out as described above. 
Immunohistochemistry were performed on tissue from third instar larvae 96 ±3 hours AED. 
The larvae were dissected in PBS and fixed 20 to 30 minutes in 4 % formaldehyde in PBS. 
Tissues were then washed four times in 0.1 % Triton X-100 in PBS (PBST) in the following 
regime, one quick wash followed by three washes of 10 minutes each. The tissues were 
incubated with a 0.5 % solution of Phospho-p44/42 MAPK Antibody (#9101), the primary 
antibody against the activated ERK, in PBST at 4° C over night. To remove excess primary 
antibody, tissues were washed three times in PBST over a 2 hour period. Alexa Fluor© 555 
goat anti-rabbit IgG (Invitrogen), the secondary red fluorescence-conjugated antibody, were 
added in a 0.1 % solution in PBST for 2 hours. Excess secondary antibody was removed by 
four washes, as described for the primary antibody, except that DAPI was added to the PBST 
in third wash. This allowed visualization of cell nuclei by measuring blue fluorescence. The 
larval brains (n = 45) were stored, dissected and mounted on slides in 80 % glycerol in PBS. 
3.3.2 Microscopy of the brain 
GFP measurements were obtained with a fluorescence microscope (Zeiss Imager M2M) using 
a 40x objective (EC Epiplan-Neo 40x/0.75 HD). Exposure time was set to 500 ms. Z-stack 
mode was chosen to capture 51 images of the prothoracicotropes, ensuring that cells in all 
planes were captured. Z-stacks were merged to one image applying the Z Project function in 
ImageJ software v.1.43. Subsequently, the mean light intensity of each prothoracicotrope and 
the corresponding background was measured using the ImageJ software. In some cases an 
overlap of the prothoracicotropes located in the same part of the brain, was observed. In 
those cases it was individually assessed, whether it was possible to distinguish the two 
neurons from each other. If this was not possible, the neurons were excluded from the results. 
The final data set contained a total number of 63 prothoracicotropes obtained from 4 D. 
melanogaster lines. To evaluate the intensity of the signal compared to the background, the 
ratio between the GFP signal in the prothoracicotropes and the background was calculated. In 
the following the GFP/background ratio is referred to as GFP intensity. 
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3.3.3 Microscopy of the ring gland 
To obtain an estimate of the ERK activation in the PG, the tissue was stained with an antibody 
against the dual phosphorylated form of ERK. Activation of ERK by phosphorylation results in 
the translocation of ERK to the nucleus (Chen, Sarnecki, & Blenis, 1992). Thus, nuclear ERK 
localization can be used to analyze activation of the MAPK pathway. Images of PG stained with 
an anti-phospho-ERK antibody were acquired using either the 40x or the 100x objective with 
immersion oil (EC Epiplan-Neo 100x/1.3 oil). The exposure time was adjusted for individual 
samples to improve the quality of the image. To isolate the blue fluorescent signal, 
corresponding to the nuclei, from the red fluorescent signal, equaling the phosphorylated 
ERK, a theoretical Point Spread Function (PSF) was used to deconvolute the images with Axio 
Vision software v.4.5. 
3.4 Statistic analysis 
Standard errors (SE) are used to illustrate variances in the average pupariation time and in 
the average GFP intensity within each group. P-values were calculated using a two-tailed 
homoscedastic t-test and a two-tailed heteroscedasticity t-test, depending of the variance of 
the data. To meet the requirements for the t-test, the data need to follow a normal 
distribution, which was tested with the Mystat software v.12. 
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4 Results 
4.1 Timing of pupariation 
To test if the manipulated flies displayed a change in timing of pupariation, a developmental 
timing assay was conducted. The following paragraph represents data from 8 independent 
assays and results are based on the developmental timing of pupariation of 1616 larvae.  
The average pupariation time of the control, ptth>w1118, was 160.0 hours AED. A significant 
difference in the average pupariation time between the control and the ptth>Rheb animals 
(p<0.01) was observed. Pupariation time was in average 172.0 hours AED in ptth>Rheb, which 
means that metamorphosis was delayed 12 hours in comparison with the control, see Figure 
14. Inhibition of Rheb did, however, not change the time of metamorphosis, since the 
ptth>TSC1/2 line was not delayed (p≥0.05).  
ptth>S6K-RNAi larvae differed from the control in average time of pupariation (p<0.001). The 
average pupariation time of these larvae were 146.1 hours AED, see Figure 14. Thus, 
knockdown of S6K and overexpression of Rheb in the Prothoracicotropes have opposing 
effects on metamorphosis. Surprisingly, manipulation of TOR signalling has the opposite effect 
of what would be expected.  
The pupariation time of the ptth>USP-RNAi larvae was significantly different from the control 
(p<0.01). As anticipated, knockdown of the receptor leads to accelerated metamorphosis, with 
an average pupariation time of 141.9 hours AED.  
Likewise, in accordance with our hypothesis, the ptth>Met-RNAi and ptth>EcR-RNAi lines have 
accelerated metamorphosis with a pupariation time of 147.0 and 149.0 hours AED, 
respectively. However, only the ptth>Met-RNAi line is statistically significant from the control 
(p<0.05).  
The timing of ptth> animals is significantly different from the ptth>w1118 control (p<0.01) with 
an average pupariation time of 176.4 hours AED, which is the most delayed line. 
The ptth>InR-RNAi, ptth>InR, and ptth>Fox0-RNAi lines is not significantly different from the 
control (p≥0.05), see Figure 14. 
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Figure 14 - Average time of pupariation: the column bars show the average pupariation time (AED) for the 
different candidates, coloured blue and the control coloured orange. The average time of pupariation for each 
of the groups is noted on the columns. Each column bar is shown with error bars, representing the standard 
error (SE) within the group. The data has been collected from a total of 1616 larvae. ptth>USP-RNAi, ptth>RNAi-
S6K, and ptth>MET-RNAi showed an considerable acceleration in pupariation time while ptth>RHEB  and ptth> 
showed a delay in pupariation time compared to the control. An asterix (*) denotes a p -value under 0.05, ** 
denote a p-value under 0.01, and *** denotes a p-value under 0.001. 
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4.2 Prothoracicotropic hormone expression  
To verify the results from the developmental timing assay, ptth expression levels were 
estimated by using GFP as a reporter protein. If the observed effect on developmental timing 
was mediated through the regulation of PTTH, delayed animals are anticipated to have a 
lower ptth expression. On the contrary, accelerated pupariation is expected to be 
accompanied by higher ptth expression.  
Due to time limitations, we only investigated 4 D. melanogaster lines for their ptth expression. 
The assay was performed on ptth>GFP,Rheb, ptth>GFP,InR-RNAi, ptth>GFP,TSC1/2, and 
ptth>GFP,w1118 larvae. This choice of lines was based on the initial results from the 
developmental timing assay, which suggested a shift in the time of pupariation in these lines 
compared to the control. Additionally, it was not possible to observe a GFP signal from all 
brains, thus only 20 brains were used.  
The samples with a measurable GFP signal resulted in microscope images as the one 
presented in Figure 15. 
 
Figure 15 - Prothoraticotropes expressing green fluorescent protein under control of the prothoracico-
tropic hormone promoter: the image shows the 4 prothoracicotropes, a pair in each brain lobe , from the 
ptth>TSC1/2  line. The axons project from the neurons towards the PG, which is not visible. The ptth expression 
is visualized by green fluorescent protein (GFP), which is under control of the ptth promoter. The brain was 
collected from a larva in the pre-pupa period, 99 hours AED. The image was taken with 40x optics. 
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The control, ptth>GFP,w1118, had an average GFP intensity of 2.09, see Figure 16. The group 
consisted of 13 neurons and had a large SE.  
The result for ptth>GFP,Rheb, obtained from 6 neurons, revealed an average GFP intensity of 
1.47, see Figure 16. This value is significantly lower than the control (p<0.01) and supports 
the results of the developmental timing assay.  
The average GFP intensity was 1.46 in ptth>GFP,InR-RNAi neurons. The average ratio is 
obtained from 8 neurons and is significantly different from the control (p<0.05).  
The average intensity of GFP from the ptth>GFP,TSC1/2 neurons was 1.72, which is lower, but 
not significantly different from the control (p>0.05). This result was obtained from 
measurements of 36 neurons. The measurements from ptth>GFP,TSC1/2 prothoracicotropes 
had the lowest SE among the examined groups. 
 
Figure 16 - Average green fluorescent protein intensity in the prothoracicotropes: the green fluorescent 
protein (GFP) intensity was measured in the prothoracicotropes of ptth>GFP,Rheb,  ptth>GFP,InR-RNAi, 
ptth>GFP,TSC1/2 , and ptth>GFP,w1118 larvae brains . The column bars show the average GFP/background ratio; 
hence they represent a measure of GFP intensity per neuron. The GFP intensity represents the ptth expression, 
since GFP expression is under control of the ptth promoter. The measurements are collected from a total of 63 
neurons from 20 brains taken in the third larval instar, 96 ±3 hours AED. Each column bar is shown with error 
bars, representing the SD within the group.  An asterix (*) denotes a p-value under 0.05 and ** denotes a p-
value under 0.01. 
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4.3 Immunostaining for phosphorylated extracellular-signal-regulated kinase in 
the prothoracic gland 
An immunostaining experiment was conducted to investigate whether it was possible to use 
nuclear localization of phosphorylated ERK in the PG cells to analyze MAPK activity 
downstream of the receptor Torso. Larvae were analyzed close to the time of pupariation, 
when MAPK signalling might be activated, which is accompanied by the translocation of a 
fraction of phosphorylated ERK to the nucleus (Chen et al., 1992). 
Due to a difficult experimental procedure results are sparse, leaving only a few samples for 
comparisons. A total of four PGs, two of which are shown in this paragraph, were investigated 
for MAPK activity. Most of the specimens were in the wandering stage, but some were 
prewandering. The four measurements will therefore be considered as being from the third 
larval instar and not represent a specific time during this stage. 
Figure 17 displays microscope images showing the PG of a ptth>GFP,w1118 control larva. 
Phosphorylated ERK is co-localized with DAPI indicating that phosphorylated ERK is located 
primarily inside the nuclei of the PG cells. The background intensity is low compared to the 
nuclei. This confirms that the MAPK pathway was activated in the PG cells of this larva. 
 
Figure 17 – Prothoracic gland cells showing nuclear localization of phosphorylated extracellular -signal-
regulated kinase:  Prothoracic gland (PG) cells from a ptth>GFP,w1118 third instar larva were fixed and stained 
with DAPI, coloured blue, and an antibody recognizing phosphorylated extracellular-signal-regulated kinase 
(ERK), coloured red. (A) The cell nuclei is stained with DAPI. (B) Phosphorylated ERK is located in clusters 
corresponding to the nuclei. (C) The combined image of A and B shows co-localization of phosphorylated ERK 
and DAPI in the cell nuclei of the PG cells. The PG was collected from a larva in the pre-pupa period, 99 hours 
AED. The image was taken with 40x optics and the quality was improved by deconvolution with AxioVision.  
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Figure 18 illustrates a lower concentration of phosphorylated ERK in the nuclei compared to 
the cytosol in the PG cells from a ptth>GFP,InR-RNAi larva. This indicates that the MAPK 
pathway has not been activated in the PG cells of this larva. 
 
Figure 18 - Prothoracic gland cells showing lack of nuclear localized phosphorylated extracellular-
signal-regulated kinase: Immunostained PG cells from a ptth>GFP,InR-RNAi larva in the third instar. The 
tissue was fixated and stained with DAPI, coloured blue, and an antibody recognizing phosphorylated ERK, 
coloured red. (A) The cell nuclei are stained with DAPI. (B) Phosphorylated ERK is located primarily in the 
cytosol. (C) The combined image of A and B shows that phosphorylated ERK is not localized in the cell nuclei of 
the PG cells. The PG was collected from a larva in the pre-pupa period, 99 hours AED. The image was taken with 
100x magnification and the quality was improved by deconvolution and multichannel unmixing with 
AxioVision. 
The two remaining PG glands were dissected from a ptth>GFP,w1118 control larva and a 
ptth>GFP,TSC1/2 larva. Both showed no phosphorylated ERK in the nuclei and thus no MAPK 
activation. Although these results indicate that activation of MAPK can be analyzed in PG of D. 
melanogaster based on the localization of phosphorylated ERK, there are not enough samples 
to identify a connection between MAPK activation and the time of pupariation. 
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5 Discussion 
PTTH is a central component in the neuroendocrine regulation of developmental timing in 
insect development (Marchal et al., 2010). To assess inputs that affect the regulation of PTTH 
production and secretion, the timing of pupariation was monitored after knockdown or 
overexpression of candidate genes with a possible role in the regulation of PTTH in the 
prothoracicotropes. Additionally ptth expression was estimated by measuring the expression 
of GFP controlled by the ptth promoter (ptth>GFP). Finally, it was evaluated whether the 
MAPK pathway, a pathway known to be stimulated by PTTH signalling, was activated in the 
PG of third instar larvae. 
5.1 Methods 
At first the ptth> line was used as control. However, the line is delayed in pupariation 
compared to all other lines, possibly due to incorporation of the ptth-Gal4 driver at a gene 
locus generating a homozygous mutation in that gene. This might explain the developmental 
delay intrinsic to this line. Alternatively, the Gal4 expression in the homozygous line, which 
carries two copies of ptth-Gal4, might be so high that the presence of the Gal4 protein itself 
has adverse effects on the function of these neurons. Gal4 was previously found to have 
adverse effects on the developing eye of D. melanogaster (Kramer & Staveley, 2003). 
Since most of the D. melanogaster RNAi lines were created on a w1118 background, the ptth-
Gal4 line crossed to the w1118 line (ptth>w1118) is the best control. This generates animals that 
are not homozygous for any mutation caused by the insertion of the ptth-Gal4 and these 
animals are isogenic to the RNAi animals, except for the RNAi construct. However, ptth>Rheb, 
ptth>TSC1/2, and ptth>InR are crosses, in which the UAS line is created on a yw background. 
This might be a source of error. An optimal control for these crosses would have been a cross 
between the ptth> and a wild type yw line. 
To assure that at least 30 eggs were laid, the egg laying period was 6 hours for the majority of 
the experiments, hence the age of the animals varies with up to 6 hours. This variance causes 
an uncertainty in the developmental timing assay, but it especially creates a problem for the 
GFP measurements and the immunostaining assay, since ptth is expressed periodically and is 
dramatically upregulated approximately 12 hours prior to pupariation (McBrayer et al., 
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2007). It would have been an advantage, if the egg laying period was shortened, or the larvae 
were synchronized when entering the third larval instar. Thereby we would have ensured 
that the larvae were precisely timed. Thus we might have been able to reveal more subtle 
changes in developmental timing and ptth expression. Due to the limited number of eggs laid, 
this was not possible in the present study. In addition, it would have contributed to a more 
detailed analysis, if the pupae were counted more frequently, both day and night. 
In regard to the GFP measurements and the immunostaining assay, it might have been an 
advantage to separate the two experiments. The GFP signal might have been stronger and 
thus more reliable, if the fluorescence of unfixed live larval tissue was analyzed. The fixation 
with formaldehyde, incubation with the primary and secondary antibody, and the time 
interval until images were taken under the microscope might have affected the fluorescence 
signal of the GFP (Chalfie & Kain, 2006; Domin, Lan, & Kaminski, 2004).  
One source of error is the estimation of the exposure time, which must be set so the 
prothoracicotropes are not overexposed. In addition, due to relatively weak signals from some 
prothoracicotropes, the exposure time must be long enough to obtain good quality images 
from these neurons. On the other hand, overexposing the cells will reveal a false GFP intensity 
and thus affect the quality of the results. In regard to signal strength, the background plays an 
important role in validating the GFP signal and can therefore complicate comparison of the 
results, since a high background lowers the GFP/background ratio. High background can be 
explained by autofluorescence. 
5.2 Insulin/insulin growth factor signalling might not be a regulator of the 
prothoracicotropes 
IIS promotes cell and tissue growth through regulation of transcription and translation 
(Walkiewicz & Stern, 2009). In accordance with Layalle et al. (2008) finding that nutrition 
does not alter ptth expression, neither overexpression nor knockdown of the InR showed a 
significant change in the timing of pupariation. Thus it is not likely that IIS directly affects the 
prothoracicotropes, hence the PTTH secretion. However, Walkiewicz & Stern (2009) showed 
that increased systemic IIS accelerates metamorphosis by 36 hours. This might indicate that 
IIS affects the E production, either indirectly through the prothoracicotropes or directly 
through the PG. Since Colombani et al. (2005) demonstrated that neither knockdown nor 
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overexpression of PI3K in the PG had an effect on developmental timing we suggest that IIS 
affects the PTTH production indirectly. 
Knockdown of Fox0 showed an approximately 7 hour delay of pupariation. Since Fox0 is a 
growth suppressor, this result contradicts what intuitively might be expected. However, the 
difference in timing is not significant and we do therefore not wish to speculate any further on 
Fox0´s role in prothoracicotrope regulation. 
5.3 Target of rapamycin may be a negative regulator of the prothoracicotropes  
The TOR pathway is a ubiquitous coupler of endogenous nutritional environment to cellular 
processes (Liao et al., 2008). We speculated whether TOR signalling might relay the 
nutritional state to the developmental timing system through positively affecting ptth 
expression and secretion. Contrary to our expectations, knockdown of S6K, a positive 
mediator of TOR signalling, in the prothoracicotropes resulted in a 14 hour acceleration of 
pupariation whereas overexpression of Rheb, an activator of TOR, delayed the pupariation 16 
hours compared to the control. These results indicate that TOR is a negative regulator of the 
prothoracicotropes and that the effect is exerted, at least partially, through S6K.  
These findings are contrary to what might be expected of a nutritional input. However, a 
negative regulation by nutrition makes some sense, when considering that at the end of third 
instar the larva stops feeding and empties its gut towards the end of the wandering stage 
(Schubiger et al., 1998). We propose that the TOR signalling ensures that the larva rapidly 
enters pupariation after emptying its gut, thereby saving valuable energy. In this model the 
end of the feeding period leads to falling concentration of nutrients that decrease TOR 
signalling in the prothoracicotropes. This can explain the dramatic increase in ptth expression 
observed in the wandering stage (McBrayer et al. 2007) that subsequently initiates 
pupariation. This model explains that overexpression of Rheb could result in a delayed 
metamorphosis and knockdown of S6K in precocious moulting. 
However, the model cannot account for the initial rise in the PTTH level, which already begins 
to increase considerably in the early wandering stage (McBrayer et al., 2007). We speculate 
that TOR signalling in the prothoracicotropes is superimposed by other regulatory 
mechanisms, such as the later discussed JH or RA signalling pathways. Since the JH titer 
already decreases in the beginning of the third larval instar (Nijhout, 2003), RA signalling is a 
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more likely candidate to regulate the effect of the TOR pathway. RA signalling is thought to 
cease later in the development, probably between 104 and 116 hours AED (Halme et al., 
2010). 
Additionally, the model cannot easily be combined with previous findings. Rearing larvae in a 
low food environment prolonged the third larval instar instead of resulting in precocious 
moulting, and at the same time it did not affect ptth expression (Layalle et al., 2008). These 
findings are not necessarily controversial in context of our results, if it is assumed that the 
TOR pathway only is critical in PTTH regulation only prior to pupariation at the third larval 
instar. The model therefore proposes that TOR signalling does not exert its effect on 
metamorphosis until the larva reaches certain developmental checkpoints such as the critical 
weight. 
Other mechanisms seem to be more important for the duration of the third larval instar than 
the TOR signalling in the prothoracicotropes. These mechanisms might include the effect of 
systemic IIS (Colombani et al., 2005; Walkiewicz & Stern, 2009), and the effect of TOR in the 
PG (Layalle et al., 2008). 
In contrast to the proposed role of TOR signalling in the prothoracicotropes, suppression of 
the TOR pathway in the PG was shown to delay pupariation due to a prolongation of the TGP 
(Layalle et al., 2008). The TGP begins with the attainment of critical weight and ends with 
metamorphosis and is crucial for the final animal size. Thus, TOR signalling might have an 
opposing impact on developmental timing in the PG and the prothoracicotropes in a time 
interval that partially overlap. This might be a fine-tuning mechanism of the precise timing of 
this developmental transition. The main function of the TOR signalling in the PG is prolonging 
the third larval instar to ensure that the adult animals only are modestly decreased in size 
despite nutrient restriction during the TGP (Layalle et al., 2008). In the prothoracicotropes the 
role of the TOR pathway might be to ensure that pupariation is initiated rapidly after the 
animal stops feeding possibly to prevent loss of body mass by prolonged starvation. 
It cannot be ruled out that the effect of the TOR pathway on PTTH signalling is even more 
pronounced than we observed, as we did not manipulate the TORC directly. Furthermore the 
impact of TOR kinase on PTTH production might be mediated via other proteins than S6K. 
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Surprisingly, overexpression of TSC1/2 did not alter the developmental timing, although it 
was previously found that regulation of TSC1/2 was sufficient to affect TOR signalling (Huang 
& Manning, 2008). In agreement with this, overexpression of TSC1/2 in the 
prothoracicotropes using the feb211 line, that drives Gal4 expression in the 
prothoracicotropes, did not affect timing of metamorphosis (Layalle et al., 2008), which 
further supports that inhibition of TOR has no effect or alone cannot accelerate development. 
An explanation for the lack of effect of TSC1/2 overexpression might be that it is further 
upstream to TOR than Rheb, see Figure 12. Thus some inputs, such as the sensing of the free 
amino acid concentration, possibly enter the pathway downstream to TSC1/2. The primary 
entry point of amino acids into the TOR pathway is still uncertain; TSC1/2, Rheb, and the 
TORC have been suggested (Wullschleger et al., 2006).  
Taken together these results suggest that the TOR pathway is a negative regulator of PTTH 
production and secretion, signalling that the wandering stage is initiated. 
5.4 The role of retinoic acid, juvenile hormone and ecdysone in the 
prothoracicotropes 
JH and RA are proposed as negative regulators of the PTTH synthesis and secretion (Halme et 
al., 2010; Mizoguchi, 2001), whereas 20E is suggested to have an positive feedback at 
moderate concentrations and negative feedback at high concentrations (Sakurai, 2005). 20E 
acts through the EcR, which forms a heterodimer with the receptor USP, the D. melanogaster 
orthologue of the vertebrate receptor for RA, RXR. Met and USP are the candidates thought to 
be the JH receptor (Nakagawa & Henrich, 2009; Riddiford, 2008). Since USP may be involved 
in the response to RA, JH and E, it is not easy to interpret our data unambiguously. Knock 
down of the Met and USP receptors showed to cause a premature pupariation of 13.5 and 18 
hours, respectively. Knockdown of the EcR showed an 11 hours earlier pupariation, although 
this was not significantly different compared to the control.  
. Met is the more likely JH receptor candidate, since Met mutants were shown to be resistant 
against JH (Dubrovsky, 2005; Soin et al., 2008), and knockdown of Met resulted in precocious 
moulting (Konopova & Jindra, 2007). If JH, as suggested, inhibits PTTH release from the 
prothoracicotropes, the finding that Met might be involved in the regulation of PTTH agrees 
with the notion that Met is the JH receptor. So far JH is the only known ligand of Met, which is 
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therefore not likely to be involved in the signalling cascades of other candidate regulators of 
the prothoracicotropes. It is therefore likely that the observed alteration of developmental 
timing might be due to the lack of Met to mediate the inhibition of PTTH by JH in the 
prothoracicotropes. The precocious pupariation in ptth>Met-RNAi flies thus indicates that JH 
negatively regulates PTTH signalling via its receptor Met. Previously, it was shown that 
exposure to JH delayed metamorphosis in D. melanogaster (Riddiford & Ashburner, 1991) and 
it has been suggested that a drop in JH levels after reaching the critical weight permits an 
increase in PTTH secretion (Mizoguchi, 2001). Our results are, however, the first molecular 
indication of a direct effect of JH on the prothoracicotropes. 
Because USP works as a heterodimerization partner and also has been suggested to act as a 
receptor for JH, the accelerated development observed in ptth>USP-RNAi animals might 
potentially be due to lack of JH, 20E, or RA signalling. The idea that JH is a ligand for USP is 
based on affinity-studies (Jones et al., 2006), but have not been verified by other types of 
studies. Therefore it is not likely that the acceleration, observed in the ptth>USP-RNAi animals, 
is coupled to JH signalling. If the accelerated development caused by USP knockdown was due 
to lacking 20E signalling, a similar delay would be expected in ptth>EcR-RNAi animals. 
Although ptth>EcR-RNAi animals were not significantly accelerated, they pupariated before 
the control like ptth>USP-RNAi animals. One explanation might therefore be that USP 
knockdown is affecting formation of the EcR/USP complex and thereby E signalling in the 
prothoracicotropes. Based on the recent finding, by Halme et al. (2010), that RA is the signal 
from the imaginal discs which inhibit ptth expression, the other intriguing possibility is that 
RA modulates PTTH activity through USP, the RXR homologue in D. melanogaster. Our results 
support the finding that the cessation of RA signalling constitute an important checkpoint in 
development (Halme et al. 2010), and suggests that RA suppresses PTTH expression possibly 
via the USP receptor. A study has shown that the RXR from the insect Locusta migratoria was 
able to bind RA (Nowickyj et al., 2008). If it can be confirmed that RA is also a ligand for USP 
and the importance of RA signalling for developmental timing can be verified, this open up a 
novel role for USP in D. melanogaster. 
Further the results indicate that 20E may not exert positive or negative feedback on the 
prothoracicotropes; at least no significant alteration in developmental timing in the ptth>EcR-
RNAi line was detected. However, it cannot be excluded that 20E plays a role in PTTH 
production. To clarify whether 20E has a minor role as a feedback signal to 
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prothoracicotropes further experiments are needed. In humans, steroid hormones regulate 
the hypothalamus and pituitary gland in a complex feedback mechanism (Shupnik, 1996). A 
feedback regulation by 20E would therefore constitute an elegant regulatory mechanism, 
ensuring stimulation of PTTH at moderate 20E titers and inhibition of PTTH at high 20E 
levels. 
5.5 Prothoracicotropic hormone expression  
The GFP experiment was performed to reveal quantitative values of PTTH expression. The 
GFP applied in this in vivo experiment is not fused to the PTTH protein. Due to this, we are not 
able to detect a possible post-transcriptional regulation of the PTTH mRNA, thus the GFP 
measurements only represents the transcriptional profile of ptth.  
We observed a decrease in GFP expression in the prothoracicotropes of ptth>GFP,Rheb, 
ptth>GFP,InR-RNAi, and ptth>GFP,TSC1/2 larvae compared to the control, although the latter 
was not significantly reduced. Nevertheless, since the results are based on few data and the 
larvae were not perfectly synchronized in their development, caution should be taken when 
interpreting these results that must be regarded as preliminary. However, at least for the 
Rheb overexpression, the reduced ptth expression estimated from GFP fluorescence supports 
the data from the developmental timing assay showing that pupariation is delayed in these 
larvae.  
TSC1/2 overexpression in the prothoracicotropes did not have a significant effect on ptth 
expression which does, at least in part, agree with the findings of the developmental timing 
assay suggesting that TSC1/2 does not affect PTTH production.  
The decreased expression of ptth in ptth>GFP,InR-RNAi neurons is not in line with the lack of 
effect on timing of pupariation in ptth>InR-RNAi animals. On the other hand it supports the 
initial hypothesis, suggesting IIS as a positive regulator of the prothoracicotropes. The slight 
reduction of ptth expression in ptth>GFP,InR-RNAi neurons may, however, not necessarily 
conflict with the results from the developmental timing assay. We speculate that a reduction 
of ptth expression due to knockdown of the InR is not sufficient to change the timing of 
puparitation. In a study of developmental timing, Colombani et al. (2005) showed that 
overexpression and knockdown of PI3K in the PG resulted in an increase and a decrease of 
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basal E production, respectively. Interestingly, this did not change the time of pupariation. 
Hence, a slight reduction of ptth expression, like manipulation of PI3K in the PG, although 
reducing E production might not delay metamorphosis. Further experiments needs to be 
conducted to verify whether IIS has an effect on PTTH production and secretion. 
5.6 Phosphorylated extracellular-signal-regulated kinase resides primarily in the 
cytosol in third  instar larvae 
Phosphorylation and translocation of ERK to the PG cell nucleus is thought to be involved in 
the induction of steroidogenesis by PTTH (Rewitz et al., 2009). It has previously been shown 
that ERK is phosphorylated in a dose-response manner (Lin & Gu, 2007). Therefore we 
assessed the localization of phosphorylated ERK in the PG cell in third instar larvae to obtain 
an estimate for PTTH signalling. Only few PGs were examined, hence the assay was not able to 
provide further support for the developmental timing assay. However, we detected a PG with 
phosphorylated ERK localized primarily in the nucleus and PGs in which phosphorylated ERK 
primarily was located in the cytosol. Thereby we verified that phosphorylated ERK can show 
distinct nuclear localization which possibly indicates stimulation of the PG cells by PTTH. 
The differences in phosphorylated ERK localization observed, like the variations for GFP in 
the prothoracicotropes, might be due to use of larvae that are slightly desynchronized in their 
developmental stage. In vitro data indicate that phosphorylation of ERK in PG cells is triggered 
rapidly, within minutes after exposure to PTTH, and that dephosphorylation to the basal level 
of phosphorylated ERK occurs an hour following exposure (Rewitz et al., 2009). Thus, it seems 
crucially important for this method to carefully synchronize the developmental stage of the 
larvae. In order to demonstrate relationship between ptth expression in the 
prothoracicotropes and ERK localization on the PG, the PG must be collected in a stage where 
the PTTH level is expected to be high. 
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6 Conclusion 
In an attempt to unravel the mechanisms controlling the sexual maturation in animals we 
have examined various candidates for PTTH regulation in D. melanogaster. This study 
suggests three negative regulatory mechanisms of PTTH production and secretion. We 
present the first molecular evidence suggesting that JH may affect the prothoracicotropes 
directly via the Met receptor. Further, we propose a novel function of the USP receptor; RA, 
the inhibitory signal from growing imaginal discs, might be a ligand for USP, thereby 
regulating PTTH production and secretion. Finally, we suggest that the TOR pathway, prior to 
metamorphosis, acts as a negative regulator of the prothoracicotropes. Additionally, our 
results indicate that IIS and 20E are not significant regulators of the prothoracicotropes. 
Previous evidence suggested the PG as a major relay centre for integrating information from 
several inputs in the regulation of sexual maturation of D. melanogaster. Our findings present 
some of the first molecular indications of the prothoracicotropes being an additional relay 
centre. 
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7 Future prospects 
In order to unequivocally confirm the findings of the present study, further investigations are 
necessary. In this regard we suggest some ideas on how to proceed. 
To examine whether JH or RA are inhibiting signals these compounds could be fed to control 
larvae as well as to ptth>Met-RNAi and ptth>USP-RNAi larvae. However, this requires that the 
right amounts of the compounds are able to be absorbed and transported in an active form. If 
JH and RA are true negative regulators of the prothoracicotropes, feeding of these compounds 
to control larvae should delay their development, while ptth>Met-RNAi and ptth>USP-RNAi fed 
with the same compounds would not display a changed development. A contradicting 
argument in correlation with feeding of JH is the assumption that the major role for JH in 
insect development is to regulate the action of E after it is synthesized in the PG and 
additionally inhibit the synthesis of E in PG (Marchal et al., 2010). If control larvae fed with JH 
exhibited a delayed development, it would therefore, not necessarily, be a result of inhibited 
prothoracicotropes. More likely it would be a combination of inhibited E synthesis in PG and 
changed E effect in the tissue, as well. In regard to RA, a concern is whether RA acts as a 
negative regulator under normal circumstances or only when the tissue of the imaginal discs 
is damaged. This should be taken into account before further studies are conducted in 
preparation for investigating the regulation of RA on the prothoracicotropes.  
Though Met is proposed as the most likely JH receptor, it is still a matter of debate whether 
USP can be rejected as a JH receptor candidate. Knockdown of the USP receptor resulted in 
premature pupariation, which can be attributed to retinoid acid signalling, but there is no 
clear evidence that this is not the effect of JH. Thus there is need for more studies. 
Our findings suggest that the prothoracicotropes serve as a relay centre for integration of 
several inputs important for timing of the sexual maturation of D. Melanogaster. This 
mechanism shows some functional analogy to the human kisspeptin system, believed to be 
responsible for initiation of puberty suggesting a common developmental purpose. 
Nevertheless the two systems seem to diverge in their response to nutrition. Our findings 
suggest that the TOR pathway negatively regulates the prothoracicotropes, the kisspeptin 
neurons are thought to be positively regulated by nutrition (Castellano et al., 2009). 
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Parallels between the kisspeptin and PTTH-regulated system raise the possibility that our 
understanding of sexual maturation in D. melanogaster to might provide insight about the 
regulation of this process in humans and the obesity-related early onset of puberty. 
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Appendix I –  Abbreviations 
4EBP: 4E-binding protein 
20E: 20-hydroxyecdysone  
AED: After egg deposition 
BCO: β-carotene 15,150-monooxygenase 
CA:Corpus allata 
CC: Corpus cardiac 
CC-CA-complex: Corpora cardiac-corpora allata 
complex 
CYP450: Cytochrome P450 
Dib: Disembodied 
DILPs: Drosophila insulin like peptides 
E: Ecdysone 
EcR: Ecdysone receptor 
ERK Extracellular-signal-regulated kinase 
Fox0: Forkhead box, class 0  
GFP: Green fluorescent protein 
hpRNA: Hairpin RNA  
IIS: Insulin/Insulin growth factor signaling 
ILPs: Insulin-like peptides 
InR: Insulin receptor 
IRS: Insulin receptor substrate 
IPCs: Insulin producing cells 
JH: Juvenile hormone 
MAPK: Mitogen activated protein kinase 
Met: Methoprene-tolerant  
Nvd: Neverland 
PBST: 0.1% Triton X-100 in PBS 
PDK1: Phosphoinositide-dependent protein kinase 
1 
PG: Prothoractic gland 
Phm: Phantom 
PI3K: Phosphatidylinositide 3-kinase  
PIP2: Phosphatidylinositol 4,5-bisphosphate 
PIP3: Phosphatidylinositol 3,4,5 triphosphate 
PTEN: Phosphatase and tensin homologue 
PTTH: Prothoracicotropic hormone 
RA: Retinoic acid 
RHEB: Ras homoogue enriched in brain 
RNAi: RNA interference 
RTK: Receptor tyrosine kinase 
RXR: Retinoid X receptor 
PDF: Pigment-Dispersing Factor 
PSF: Point spread function 
S6K: S6 kinase 
 Sad: Shadow  
SE: Standard errors 
Shd: Shade 
siRNA: small interfering RNA 
Spo: Spook 
Spok: Spookier 
TGP: Terminal growth period 
TIF1A: Transcriptional intermediary factor 1A 
TOR: Target of rapamycin 
TORC1: TOR complex 1 
Trk: Trunk 
TSC1/2: Tuberous sclerosis complex proteins 1 and 
2 
UAS: Upstream activation sequence 
USP: Ultraspiracle 
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Appendix II - Statistical data 
All lines are compared to ptth-gal4 × w1118 
Data from developmental timing assay: 
Fly lines P values from F-test P values from T-test 
ptth> 0.1766 0.0021 
W1118 0.0329 0.2209 
ptth>InR-RNAi 0.0906 0.7589 
ptth>InR 0.0075 0.9265 
ptth>Rheb 0.8081 0.0084 
ptth>TSC1/2 0.0028 0.9961 
ptth>USP-RNAi 0.5359 0.0025 
ptth>Fox0-RNAi 0.1674 0.2769 
ptth>S6K-RNAi 0.0073 0.000048 
ptth>EcR-RNAi 0.8558 0.1028 
ptth>Met-RNAi 0.1329 0.0451 
 
 
 
Data from prothoracicotropic hormone expression: 
Fly lines Results from F-test Results from T-test 
ptth>Rheb 0.0019 0.0077 
ptth>InR-RNAi 0.0040 0.0124 
ptth>TSC1/2 0.000046 0.0951 
 
 
 
